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SUMMARY

An experimental investigation was conducted with an 0.8 hub-tip ratio
single-stage compressor to determine the extent that slots and vortex generators
can be applied to reduce losses in the wall regions and increase the efficiency
and stable operating range of highly loaded compressor stages. A secondary
objective of this investigation was to determine the effects of loading level and
boundary layer suction on stage efficiency and operating range. Two compressor
stages, each comprising a rotor and a stator, were designed with different work
levels and corresponding radial work gradients for this investigation. After
reviewing the test data for the unslotted baseline .configurations, endwall slots
and vortex generators were designed for the more lightly loaded stage. Because
of the poor performance of the more highly loaded stage, and because of a rotor
blade failure near the end of the baseline test program, slots and vortex
generators were not designed for this stage.

Both stages were designed with zero rotor prewhirl, axial discharge
flow, and constant exit total pressure across the span. The design velocity
diagrams and predicted performance were based on the assumption that the
rotor and stator losses would be reduced by the addition of slots and vortex
generators, All rotors and stators were designed with NACA 65-series airfoil
sections with A = 1, 0 meanlines. Table I summarizes the stage designs.

Table I, Summary of Stage 4 and 5 Designs

Factors Stage 4 Stage 5
Tip Speed, fps (mps) 757 (230.7) 757 (230.7)
Pressure Ratio 1.325 1.375
Adiabatic Efficiency, % 84 82

Difussion Factor:

Rotor Tip 0.60 ' 0 68
Rotor Hub 0.74 0.82
Stator Tip 0.50 0.61
Stator Hub 0.69 0.81

Porous walls were located at the rotor tip and the stator hub and tip for
boundary layer suction. With the exception of several points where the bleed
flow was intentionally reduced to determine the effect of boundary layer suction
on stage efficiency and operating range, the maximum obtainable bleed flow
was maintained throughout the test program. Table II summarizes the configura-
tions that were tested,



Table II. Summary of Configurations Tested

Rotor Inlet Stator Inlet Exploratory Tests
Vortex Vortex With Reduced Rotor
Configuration Generators Generators .= and Stator Wall Bleed

Unslotted Rotor 4 - No No No
Unslotted Stator 4
Unslotted Rotor 5 - No No _ No
Unslotted Stator 5
Slotted Rotor 4 - No No Yes
Slotted Stator 4
Slotted Rotor 4 - Yes No Yes
Slotted Stator 4
Unslotted Rotor 4 - Yes Yes Yes

Slotted Stator 4

The maximum adiabatic efficiency and the corresponding pressure ratio
achieved by the unslotted configurations without vortex generators at design
equivalent rotor speed are summarized in table II.

Table III. Maximum Adiabatic Efficiency and
Corresponding Pressure Ratio

Adiabatic Pressure
Configuration Efficiency Ratio
Rotor 4 0.874 1.324
Stage 4 0.748 1.274
Rotor 5 0.843 ’ 1.367
Stage 5 0.700 . 1.299

At design equivalent rotor speed the pressure ratio and efficiency of
slotted stage 4, both with and without vortex generators, were lower than the
performance obtained with the unslotted stage. However, the stator blade
element performance data indicate lower losses near the walls for the slotted
stator at the same or higher incidence angles than those for the unslotted stator.
The addition of rotor inlet vortex generators to the slotted stage produced a
slight decrease in the rotor tip region losses near stall. With vortex generators
upstream of the rotor and between the rotor and stator, stator slots, and an
unslotted rotor 4, the stable operating range was increased by 25% relative to
the unslotted baseline operating range. The increase in stable operating range
was accompanied by 0.8 and 2.1% increases in peak rotor and stage efficiencies,
respectively, at approximately the same peak pressure ratios.



Reducing the wall boundary layer bleed flow in the rotor and stator
reduced the rotor and stage pressure ratio and efficiency and changed the
pressure ratio-flow characteristic at constant rotor speed.

INTRODUCTION

Experience with highly loaded axial-flow compressors has shown that the
region of the flow path most critical to achieving high performance is that area
adjacent to the walls. In the wall region of these stages the flow is predominantly
three-dimensional, whereas at midspan the flow is more nearly two-dimensional.
The three-dimensional aspects of the flow result in marked reductions in total
pressure ratio, adiabatic efficiency, and flow near the walls. Because these
factors generally represent a conversion of kinetic energy into internal energy
at an increase in entropy, the diffusion limits for a conventional blade row are
reached near the wall and stall or compressor surge is induced. Further, the
wall diffusion limits prevent the utilization of the full loading capacity of the
midstream portion of the blade, since the reduction in flow near the walls causes
an increase in the midspan velocity with a resultant decrease in midspan loading.
These factors indicate that advanced compressor design concepts for the increase
of allowable stage loading and stable low-loss operating range should be con-
cerned with the problem of three-dimensional flow near the walls.

Previous attempts to increase allowable stage loading limits by means
of slotted blading under NASA Contract NAS3-7603 (Reference 1) indicated good
performance for the blade midspan regions, but poor performance near the
walls. The relative effectiveness of the slots at midspan and their ineffective-
ness near the wall was attributed to the chordal placement of the slots and their
inability to sufficiently reduce the three-dimensional flows in the wall region.
To further investigate methods of decreasing end wall losses, a two-part
single-stage experimental investigation was initiated to evaluate several
methods of improving the blade element performance in the wall region. The
first part of the program involved adding blade-end slots and secondary flow
fences to stage 3 of Contract NAS3-7603. The second part of the program
entailed designing two new stages, designated 4 and 5, for evaluation of the
effects of slots and vortex generators on stage efficiency and stable operating
range. Investigation of the effects of rotor and stator loading level and boundary
layer suction on stage efficiency and operating range were secondary objectives
of the second part of the program. Because of the poor performance of unslotted
stage 5 and because a rotor blade failed near the end of the baseline test program,
slots and vortex generators were not investigated in stage 5.

The design modifications, test data, and the test results for stage 3 modi-
fied with blade-end slots and secondary flow fences are summarized in Reference
2. Discussion of the aerodynamic and mechanical design of stages 4 and 5 is
presented in Reference 3, and the data and performance reports for these stages
are listed as References 4 and 5. This report summarizes the experimental
results obtained during the second part of the program and discusses these
results relative to the program design intent.



DESIGN SUMMARY
Selection of Velocity Diagrams

The initial phase of the design was the correlation of the rotor and stator
blade element performance data from References 6 through 11. These data,
which were used in the design of stages 4 and 5, were comprised of loss
parameter, diffusion factor, deviation angle, and minimum-loss incidence
angle. An important premise used for the design velocity diagram selection
was the assumption that slots and vortex generators would reduce the blade
element losses in the end regions by reducing the secondary flow. (See
Reference 3.) Additionally, it was specified that the rotor inlet and stator
exit velocities were to be axial, and that the stator exit total pressure was to
be constant across the span.

The velocity diagrams were selected through an iteration procedure
involving a streamline analysis calculation and the selected loss parameter
vs diffusion factor distributions. An iteration procedure was required because
the velocity diagrams are dependent upon losses that, in turn, are dependent
upon the velocity diagrams and associated diffusion factors. The streamline
analysis procedure solved the continuity, energy, and radial equilibrium
equations for an axisymmetric flow. Radial gradients of enthalpy and entropy
were included in the calculation, and the influence of streamline curvature on
the radial distribution of static pressure was accounted for in the design.
During these iterations the flow path to be used for both stage 4 and 5 was
altered by varying the outer wall diameters to maintain a nearly constant
average axial velocity. The tip speed was varied to provide the desired (0. 8)
tip inlet relative Mach number, and the specific flow was held constant at
33 1b/sec-ft2 (161.1 kg/sec-m2), a value that is representative of current
middle stage design practice. The pressure ratio was varied to bring the
loading to the desired levels (D max = 0.7 for rotor 4 and D max = 0.8 for
rotor 5) to produce two stages with different levels of work input. Both stages
4 and 5 were designed with relatively high work input near the walls to
compensate for the high losses that were predicted in these regions. Different
work gradients resulted for the two stages because as average work coefficient
(and hence diffusion factor) increased, the radial work gradient had to be
greater to compensate for the increased slope of the predicted loss curve.

Design velocity diagram data and predicted performance for the stages
that were selected to fulfill the design intent are summarized in Appendix A.
Symbols and performance variables are defined in Appendix B. Stages 4 and 5
have design pressure ratios of 1.325 and 1.375, respectively, at a rotor tip

velocity of 757 ft/sec (230.7 m/sec) and a corrected weight flow of 110 lb/sec
(49. 9 kg/sec).

Selection of Blading Geometry

NACA 65-series airfoil sections with an A = 1.0 meanline were selected
for both the rotors and stators of stages 4 and 5 to be consistent with the
blading used in Reference 1, since these stages represent a continuation of
that work. Similarly, the number of rotor and stator blades were established
to be 60 and 58, respectively. Other blade geometry variables such as chord
length, aspect ratio, solidity, and maximum thickness were the same as, or
very similar to, those for the blading used in Reference 1. Slight departures

4



in aspect ratio and hub/tip ratio resulted from the wall convergence at the
rotor and stator tip that was provided to limit the diffusion factor, and to
maintain an average axial velocity ratio of approximately 1. 0.

A Since the slope of the A = 1 meanline is theoretically infinite at the airfoil
leading and trailing edges, the blade geometry data were calculated in terms
of an equivalent circular arc meanline of the same maximum camber as the
actual (A = 1.0) meanline. Design incidence (minimum loss) and deviation

~ angles were calculated using equations 286 and 287 in Reference 12. For the

rotor, 2 degrees were subtracted from the calculated incidence angles in

accordance with the minimum loss incidence results obtained in Reference 1.

The resultant radial distributions of rotor and stator equivalent circular arc

meanline camber angles are shown in figures 1 and 2. The blade geometry

data (inlet and exit metal angles, chord angles, camber angles, solidities,
and maximum thickness) are summarized in terms of an equivalent circular
arc meanline in tables A-1 through A-4 of Appendix A. Hub, midspan, and
tip sections of the stage 4 and 5 blading are shown in figures 3 and 4. Photo-
graphs of the stage 4 and 5 blading are shown in figures 5 and 6 for the rotors
and stators, respectively.

Stage 4 Slot Design

Four factors were considered for the selection of stage 4 rotor and stator
slot configurations:

1. Spanwise extent
2. Chordal location
3. Number

4, Geometry

Spanwise extent, chordal location, and the number of slots were estab-
lished on the basis of the axial velocity and loss coefficient distributions
obtained from the unslotted (baseline) stage 4 test results (Reference 4). The
slot geometry was determined for the stator 85% span location from calculated
pressure coefficient distributions for this section. Two-dimensional, steady,
incompressible, and inviscid potential flow was assumed for these calculations.
Slot geometries for the rotor hub and tip and the stator tip sections were made
geometrically similar to the configuration selected for the stator at 85% span.
Details of the slot designs are given in Reference 3. Final slot geometries
and locations are shown for the rotor in figures 7 and 8, and for the stator in
figure 9. Photographs of the slotted rotor and slotted stator are shown in
figures 10 and 11, respectively.

Vortex Generator Design

Based on the presence of severe secondary flows in both the rotor and
stator blade rows, as indicated by the stage 4 baseline test results, - it was
concluded that vortex generators should be designed for the inner and outer
walls of both blade rows. The vortex generators were intended, by means of
. turbulent mixing, to induce high momentum air from the mainstream into the
wall boundary layer flow and low momentum air from the wall region into the
mainstream flow, thus helping to unload the blades in the wall region and load
the midspan region. The vortex generator design criteria are presented in
Reference 3. The resulting configurations for the rotor and stator are shown
in figures 12 through 14.



TEST EQUIPMENT
Compressor Test Rig

A schematic of the single-stage compressor rig is shown in figure 15,
and the .flow path dimensions are given in figure 16. The hub/tip ratio at the
rotor inlet is 0. 789, the test section has a constant hub diameter of 32.85
inches (0.834 m), and the outer wall converges from a diameter of 41. 14
inches (1.045 m) at the rotor leading edge to 39.99 inches (1.016 m) at the
stator exit. Relatively high convergence was provided at the rotor and stator
tips to control the axial velocity and minimize the diffusion factor. Rotor
bearing loads are transmitted to the rig support through struts located in the
inlet and exhaust case assemblies. The inlet struts are sufficiently far
upstream so their wakes are dissipated ahead of the rotor. The stage design
specifications of zero rotor prewhirl and axial discharge flow eliminated the
need for inlet and exit guide vanes. Flowrate was varied with a set of motor-
driven throttle vanes located in the exhaust case.

Porous walls were installed for boundary layer suction at the rotor tip
and the stator hub and tip as shown in figure 17. The porous wall was 0. 060
inches (0. 0015 m) thick and had 0. 066 inch (0. 0017 m) diameter holes on
0.187 inch (0.0047 m) centers, providing an 11% open area.

Instrumentation

The instrumentation utilized for the stage 4 and stage 5 test programs
is described in detail in References 4 and 5, respectively. A general
description of the instrumentation is given in this report to identify the source
of measurements for the calculated performance variables.

Compressor flowrate was measured with a thin-plate orifice in the inlet
duct, and compressor inlet pressure and temperature were recorded from
measurements in the inlet plenum. Compressor inlet wall static pressures
were recorded as the compressor was operated into and out of stall and were
used to determine the stall limit flow from a correlation between these static
pressures and weight flow. Rotor speed was measured by means of an electro-
magnetic sensor mounted adjacent to a 60-tooth gear on the rotor shaft. Gear
tooth passing frequency was displayed as RPM on a digital counter and recorded
on magnetic tape.

Total pressure profiles ahead of and behind the rotor were measured with
20~-degree wedge traverse probes. The measurements downstream of the rotor
were verified by means of redundant measurements obtained with a radial rake
with Kiel head sensing elements at 10, 30, 50, 70, and 90% span. Stage (stator)
exit total pressure measurements were obtained using pitot-type wake probes
of sufficient circumferential extent to encompass the vane gap. Static pressure
ahead of and behind each blade row was measured by means of 8-degree wedge
traverse probes. Four inner wall and four outer wall static pressure taps,
approximately equally spaced, were located on extensions of the mid-channel
streamlines ahead of and behind each blade row. Four additional inner and
outer wall static pressure taps were also distributed across the vane gap ahead
of and behind the stator to define the static pressure variations across the gap.
Air angle measurements were obtained from 20-degree wedge traverse probes
located ahead of and behind each blade row.
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Stage exit total temperature was measured downstream of the stator at
nine radial positions at each of four circumferential locations using shielded
thermocouples installed in radial rakes. The stage exit temperature distri-
butions measured with these rakes were also used for the rotor performance
calculations. :

Redundant instrumentation was provided so that the loss of any one
instrument would not necessitate repeating the test and to provide a method
of accounting for circumferential variations in performance. The axial
locations of the instrumentation stations are shown in figure 15.

A high response pressure transducer, mounted in a total pressure probe
behind the rotor at 10% span from the tip, was used to detect the initiation of
rotating stall. Bellmouth static pressure, plenum pressure, rotor speed,
and selected stage exit pressures were recorded on magnetic tape using high
response instrumentation to aid in the determination of stall transient -
characteristics. These values were correlated in time with the output from
the high response pressure transducer.

Steady-state pressure and temperature data were measured with a multi-
channel transducer scanning system that includes automatic data recording on
computer cards. The temperature measurements were taken in conjunction
with a temperature reference oven and a digital voltmeter. The steady-state
pressure and temperature data were subsequently stored on tape for data
processing. Traverse probe and transient data were recorded on tape in
digital form.

Facility

The compressor test facility is shown schematically in figure 18. The
compressor is driven by a single-stage turbine, powered by exhaust gases from
a J75 slave engine, with compressor speed controlled by means of the engine
throttle. The slave engine exhaust gas is also used to power an ejector for
compressor wall boundary layer suction. Air enters the compressor test rig
through a 103 ft (31.39 m) long combined inlet duct, plenum, and bellmouth
inlet, and is exhausted through an exit diffuser to the atmosphere. The inlet
duct contains a flow measuring orifice designed and installed in accordance
with ASME standards. An area contraction ratio from plenum to compressor
inlet of approximately 10:1 provided essentially stagnation conditions in the
plenum. The inlet duct and plenum were mounted on a track and could be rolled
away from the compressor rig inlet to facilitate configuration changes.

PROCEDURES
Test Procedures

Overall and blade element performance data were obtained at 50, 70, 90,
100 and 110% design equivalent rotor speed for unslotted stage 4, and at 70 and
100% of design equivalent rotor speed for slotted stage 4 and for the two con-
figurations with vortex generators. Overall and blade element performance
data were also recorded at 50, 70, 90, and 100% design equivalent rotor speed
for unslotted stage 5. At each speed the flow was varied and data were recorded
to define the speed characteristic between maximum flow and near-stall



conditions. With the exception of several points where the bleed flow was
intentionally reduced, the rotor and stator bleed valves were left in the full -
open position, thus providing the maximum obtainable bleed flow (limited by
shroud effective flow area) throughout the test program. At each speed and
flow setting, data from the fixed instrumentation were recorded and then the
traverse probes were immersed to the hub, and traverse data were recorded
as the probes were withdrawn at a travel rate of 3.0 in/min (0.0013 m/sec).
Stall transient measurements were obtained at each rotor speed while operating
the stage into and out of stall to define the stall point.

Data Reduction Procedures

Definitions of symbols and the overall and blade element performance
variables are given in Appendix B, Total pressures and temperatures at each
axial station were mass-averaged to obtain pressure ratio and efficiency. The
mass-average temperature determined from the stage exit temperature and
flow distribution was used as the rotor exit average temperature.

Performance and velocity diagram calculations were performed for each
blade row along design streamlines that pass through 5, 10, 15, 30, 50, 70,
85, 90, and 95% span at the rotor exit instrumentation station. The values were
calculated directly from the measurements obtained at the instrumentation
stations. Translation of these measurements to the blade row leading and
trailing edges was not considered necessary because, with the small wall
convergence, the data at the instrumentation stations very nearly approximates
that at the leading and trailing edges. Rotor loss coefficients were calculated
using the measured values of pressure, temperature, and air angle at the blade
inlet and exit. The stator loss coefficients were calculated using selected free-
stream pressures from the respective downstream wake probe data for the
upstream pressures to avoid biasing the results because of flow shifts through
the stator blade row,

RESULTS AND DISCUSSION
Performance of Unslotted Stages 4 and 5

Unslotted stages 4 and 5 were tested to establish a performance baseline
for comparison with the results of the subsequent tests with the addition of
slots and vortex generators. The overall and blade element performance
results, including the effects of rotor work level, inlet Mach number, and
boundary layer bleed flow on rotor efficiency and stable operating range for
these stages, are discussed in the following paragraphs. Complete tabulation
of overall and blade element performance data for stages 4 and 5 are presented
in references 4 and 5.

To provide a datum for the test results obtained with the unslotted stages,
overall and blade element performance and velocity diagram values were
predicted for the design blading geometry without assuming reduced losses
due to slots and vortex generators. The results of these calculations are
presented in tables A-5 through A-8 of Appendix A, These results are based
on the assumptions that the rotor and stator deviation angles would be the same
both with and without slots and that the unslotted stator blade elements would
be operating close to minimum loss. The first assumption is consistent with

8



the results obtained in Reference 1, whereas the second assumption is based
on the premise that the redistribution of the rotor exit flow, due to the higher
rotor losses, would result in only a slight change in stator incidence angles.
In the following discussion of the unslotted stage results any reference to the
blading implies the unslotted rotor or stator.

Overall Performance

The overall performance for the two unslotted configurations is compared
for the rotor in figure 19 and for the stage in figure 20. As shown, both stages
failed to achieve their predicted pressure ratio and efficiency. The difference
between predicted and measured efficiency was greater for stage 5 than for the
lower loaded stage 4. At approximately design equivalent rotor speed and
corrected flow, the efficiency of rotor 4 was 0.7% below its predicted value,
whereas the efficiency of rotor 5 was 4.8% below its predicted value. The
stage 4 and 5 efficiencies were 6.7% and 10. 0%, respectively, below the
predicted values.

Blade Element Performance for Unslotted Rotors

The low rotor pressure ratios, relative to the predicted values shown in
figure 19, are attributed to high losses near the walls and low rotor work input.
The high losses near the walls are evident from the radial distributions of loss
coefficient shown in figure 21 for near design flow at design equivalent rotor
speed. Radial distributions of diffusion factor, also shown in figure 21, indicate
high levels of loading in the wall regions, particularly in the tip region. The
loading level of rotor 5 and consequently the losses are substantially larger than
those of rotor 4 in the tip region. At 10% span from the tip the diffusion factor
and corresponding loss coefficient for rotor 4 are 0.66 and 0. 23, respectively.
For rotor 5 the diffusion factor and loss coefficient are 0.73 and 0. 33, respec-
tively. The difference between the predicted and measured loss is larger for
the more highly loaded rotor.

Radial distributions of rotor work input are compared with the predicted
distributions in figure 22. The difference between the measured and predicted
values of rotor work shown in figure 22 are attributed to high rotor deviation
angles and high midspan axial velocity, shown in figure 23. High deviation
angles in the hub region were the primary cause of low work for rotor 4;
whereas, for rotor 5, the low work was caused by both high deviation angles
across the span and high midspan axial velocity.

The difference between the design rotor relative inlet velocity distributions
and the actual velocity distributions (figures 24 and 25) may have been partially
responsible for the high losses near the walls. The low velocities near the walls
resulted in an increase in the rotor relative inlet air angles and caused the rotor
to operate at higher than design incidence angles in these regions (figures 26
and 27). A nonuniform velocity profile also results in a streamline component
of the passage vorticity that induces secondary flow within the blade row
(Reference 13).

To illustrate the effect of the higher than design incidence angle on the
losses near the walls, the cascade loss coefficient vs incidence angle distri-
butions for the rotor 4 blade sections at 0% and 5% span, the rotor 4 test data
at 5% span, and the range of actual incidence angles between 0% and 5% span



are compared in figure 28. Based on the cascade data shown in figure 28, the
range of incidence angles between 0% and 5% span (figure 26) is large enough

to stall the blade sections near the wall and, together with the wall/blade
boundary layer interaction, induce large secondary flow gradients that may
affect the blade row performance over a large portion of the blade span. The
secondary flow gradients near the wall probably contributed to the large
difference between the actual and cascade loss levels shown in figure 28, even
though the incidence angle at 5% span is within the low loss range of the cascade
data. The camber angles for the hub section of rotor 4 and the hub and tip
sections of rotor 5 exceed the values for which cascade data are available,

thus precluding a direct comparison of the range of incidence angles within 5% of
the wall or the cascade loss vs angle for these locations. However, it is con-
sidered that the difference in the predicted and actual incidence angles near

the walls for the hub of rotor 4 and the hub and tip of rotor 5, shown in figures
26 and 27, may also have been large enough to stall the blade sections in these
regions.,

The loss coefficient and deviation angle distributions shown in figures 21
and 23, respectively, also suggest strong secondary flow in the wall regions.
The displacement of the rotor 5 hub maximum loss coefficient from the wall
suggests very strong secondary flow and the existence of a vortex (References
14 and 15).

Rotor loss parameter vs diffusion factor is presented in figures 29a
through c¢ for the hub, mean, and tip (90, 50 and 10% span) sections of rotors
4 and 5. The correlation curves, based on the minimum loss data from
References 6 through 8 that were used to predict the rotor performance, are
included for comparison with the test data. The minimum loss parameter
values for the hub of rotor 4 and the hub and tip of rotor 5 are above the
correlation curves. The minimum loss parameter values for the midspan
sections of both rotors and the tip section of rotor 4 are approximately on the
correlation curves.

Blade Element Performance for Unslotted Stators

The stator inlet velocity and incidence angle distributions for approxi-
mately design equivalent rotor speed and flow are shown in figure 30. With the
exception of the hub region, the stator 4 incidence angle data agree closely
with the predicted values. Stator 5 was operating with less than design incidence
angle across most of the span due to the combination of high rotor exit axial
velocity in the midspan region and higher than predicted rotor deviation angles
(figure 23) across the entire span. Although the rotor deviation angles were
higher than predicted near both walls for rotor 4 and across the entire span of
rotor 5, the reduction in axial velocity near the walls was large enough to
result in higher than predicted incidence angles at the hub and tip of stator 4
and the tip of stator 5. To the extent that these blade elements operate like
two-dimensional blade elements, these variations in the stator inlet conditions
should not have adversely affected stator performance, since as indicated in
figures 31a through 31i, the stator incidence angles at design equivalent rotor
speed and corrected flow are within the low loss incidence operating ranges for
the individual blade elements. However, the concept of blade element perfor-
mance was derived for two-dimensional flow, and the existence of the low rotor
exit axial velocity ratios near the walls reflects a highly non-two-dimensional
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flow field. Previous results from highly loaded blade rows (Reference 1) indi-
cate that these secondary flows have a substantial effect on the blade element
performance. :

The blade element performance for stators 4 and 5 is summarized in
figure 32, which presents the radial distributions of loss coefficient, deviation
angle, and diffusion factor for approximately design equivalent flow. The stator
diffusion factors are less than the predicted values across the entire span
primarily because of the relatively large deviation angles seen in the figure
and the associated high exit tangential velocities. In general, the loss coefficient
values for both stators are larger than predicted from 5% to 30% span and less
than predicted from 50% to 95% span. But as previously noted the diffusion
factors are less than the predicted values and blade element loss is a function
of the blade elemeént loading.

Loss parameter vs diffusion factor for unslotted stators 4 and 5 is
presented in figures 33a through ¢ for the hub, mean, and tip (90, 50, and 10%
span) sections. Correlation curves for the minimum loss data of References 9
through 11, that were used to predict the stator performance, are included on
figures 33a through c for comparison with the test data. The stator 4 and 5
loss parameter values are below the correlation curves for diffusion factors
of 0.63 and 0.725, respectively, at the hub; whereas, at the tip, the loss
parameter values are above the data correlation curves. The values of the loss
parameter at midspan are approximately on the correlation curve. The unslotted
stator 5 loss parameter data, shown in figure 33, are generally above the values
for the unslotted stator 4 data, which suggests that additional variables must be
considered when selecting the loss correlation for highly cambered blade rows.
The camber of both stators (figure 2) far exceeds that used for state-of-the-art
stator designs with the camber of stator 5 being 8 to 25 degrees greater across
the span than stator 4. The camber of stator 4 varies from approximately 58
degrees at midspan to approximately 75 degrees at the hub and tip, whereas
the camber of stator 5 varies from 66 degrees at midspan to over 85 degrees
at the hub and tip.

Effect of Rotor Work Level on Efficiency

The hub, mean, and tip adiabatic efficiencies at near design flow conditions
as functions of a design loading parameter, L = [AV, cos 8 ,/0V, avg] Design,
for unslotted stages 4 and 5 are compared with the results of the Reference 1
program in figure 34. The equation for the loading parameter, although not
rigorously derived, is similar in form to the equation for the lift coefficient.

For two-dimensional incompressible flow, the lift coefficient would be equal
to two times the loading parameter. Although stages 4 and 5 were designed
with higher work input than the Reference 1 stages (i.e., more turning and
consequently higher loading near the walls to compensate for the high wall
losses and maintain more nearly two-dimensional flow), the results shown in
figure 34 illustrate that as the design loading level was increased the blade
element efficiency continued to decrease. The results in figure 34 also
illustrate that as the design loading level was increased the efficiency near the
walls decreased at a faster rate than the efficiency at midspan, and that for
the same loading level the efficiency near the walls was substantially less than
the efficiency at midspan. These results suggest that the stage efficiency might
be optimized by the proper selection of radial work distribution. However, as

11



shown in figure 35, there are apparent upper limits to the amount of turning
that will result in useful work output at near design flow conditions, i.e.,

IgCpT1 [(PZ/Pl) -1/7. -1] /U2 =f[¢ +iy, ] » and these limits must be observed
when selecting an improved work d1str1but1on.

Effect of Mach Number and Boundary Layer Bleed Flow on Rotor Performance

As indicated in figures 36 and 37, there is a variation in loss coefficient
with rotor speed. To determine which data were affected by high inlet relative
Mach numbers and the associated shock losses, the calculated Mach numbers
were compared with the limiting or cascade critical Mach numbers based on a
P&WA cascade correlation. The hub and tip camber angles (95% and 5% span)
for rotor 5 exceeded the range of available cascade data; therefore, the cascade
critical Mach numbers for these locations were obtained by extrapolating the
data to the appropriate camber angle. The data which have inlet relative Mach
numbers greater than the cascade critical value are indicated in figures 36 and
37. In general, the loss coefficient values for the data with inlet relative Mach
numbers above the cascade critical Mach number are higher than those for the
lower Mach numbers. However, the variation in loss coefficient with rotor
speed cannot be completely attributed to operation above the cascade critical
Mach number since some variation in loss coefficient was still present at
Mach numbers below the cascade critical value. Since the rotor bleed flow
also varied with rotor speed, the effect of rotor bleed flow on loss coefficient
was also investigated and the results are shown in figures 38 and 39 for rotors 4
and 5, respectively. The more pronounced effect of the bleed flow on the tip
losses, indicated by the more negative slope of the loss coefficient vs bleed
flow curve, results from the bleed flow being removed at the tip and not the
hub. Based on the Mach number and bleed flow comparisons, the increase in
loss coefficient with increased rotor speed is attributed to the following three
causes: (1) inlet Mach numbers above cascade critical Mach number, (2)
decreased bleed flow as a percentage of the primary flow, and (3) critical Mach
numbers in a three-dimensional flow environment are lower than the initial
Mach numbers in a two-dimensional flow environment. Items 1 and 2 are
apparent from figures 36 and 39, whereas item 3 is hypothesized because the
variation in loss coefficient was still present at the hub (where the boundary
layer was not removed) at Mach numbers below the cascade critical value.

Effect of Slots on Stage 4 Performance

The overall performance for the slotted and unslotted stage 4 configura-
tions are compared for the rotor and stage in figures 40 and 41, respectively.
In general, the pressure ratio, efficiency, and stall flow for both slotted rotor 4
and slotted stage 4 are lower than those for the unslotted configuration; the
reductions in pressure ratio and efficiency were greater at the higher flows.
Although the stall flow was lower for slotted stage 4, the maximum flow was
also reduced so that the maximum to stall flow range was approximately the
same for both slotted and unslotted stage 4. A detailed discussion of the stage
stall flows is given in the section entitled "Comment on Stage Stall Flow
Comparisons, ' below. The reduced pressure ratio is attributed to higher rotor
total pressure losses near the walls and lower rotor work input because of the
increased midspan axial velocity and higher tip deviation angles.
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The rotor loss coefficient, deviation angles, and diffusion factor distri-
butions at design equivalent rotor speed are compared for the slotted and un-
slotted configurations at near stall, near design, and maximum flow in figures
42 through 44, respectively. These results and the loss parameter values
shown in figures 45a through c indicate that slotting the rotor not only failed to
provide a reduction in loss, but actually increased the hub and tip losses.
However, the midspan losses for the slotted rotor are lower than the unslotted
rotor losses at the lower loading levels and comparable to the unslotted rotor
losses at the highest diffusion factor (figure 45b). The deviation angles for the
slotted rotor are higher than those for the unslotted rotor in the tip region at
all flow conditions (figures 42 through 44), and slightly lower than those for the
unslotted rotor in the midspan to hub region at the design and stall flows
(figures 42 and 43). It is also noted from figure 42 that the rotor tip diffusion
factor for the slotted rotor at near-stall flow is greater than that for the
unslotted rotor.

Evaluation of the influence of slots on stator blade element performance is
confounded by the largely different rotor exit flow distributions that were pro-
duced by the slotted and the unslotted rotor. Unslotted and slotted rotor exit
axial velocities and corresponding stator incidence angle distributions are com-
pared for near-stall flow conditions in figure 46. The axial velocity distri-
butions indicate a general flow shift from tip to hub for the slotted rotor, which
results in comparatively high incidence angles in the tip region for the slotted
stator.

Radial distributions of slotted stator blade element loss coefficient,
deviation angle, and diffusion factor are compared with the unslotted configura-
tion results in figures 47 through 49 for near stall, near design, and maximum
flow, respectively. These data are presented for general information purposes.
It is noted that the slotted stator tip region diffusion factor is greater and the
losses and deviation angle are equal to or lower than the respective tip region
values for the unslotted stator at both the near stall and design corrected flow
conditions. The discontinuity in the radial loss coefficient distribution at 30%
span for the slotted stator is attributed to the flow discontinuity associated
with the slot end. Blade element data were not recorded at the end of the hub
slot (80% span), but the same general trend toward higher loss coefficients
near the end of the slot is observed at 85% span for the near design and near
stall flow conditions.

A more generalized assessment of the influence of slots on stator
performance is provided by the envelopes of loss coefficient and deviation
angle data (as functions of incidence angle) for the hub region (85, 90, and 95%
span) in figure 50 and for the tip region (5, 10, and 15% span) in f1gure 51. As
seen in figure 50, the levels of hub region loss coefficient and deviation angle
were in general higher for the slotted stator than for the unslotted stator.
Figure 51 indicates that the average levels of the slotted stator tip region
loss and deviation angle were lower than those of the unslotted stator, and
that the slotted stator was operated to higher incidence angles than the unslotted
stator. The higher incidence angles for the slotted stator tip resulted from
the lower rotor tip exit axial velocity for the slotted rotor, as shown previously
in figure 46. Although one might conclude that the stator slots were responsible
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for the lower stator losses, the data for the same slotted stator tested behind
the unslotted rotor do not indicate lower losses for the slotted stator. (This is
discussed later in the report.) Therefore, the lower losses and deviation
angles for the slotted stator tip when tested behind the slotted rotor are
apparently associated with the rotor exit flow redistribution for this configura-
tion, as shown by the exit axial velocity profile in figure 46. A similar effect
of stator inlet flow field on stator losses is discussed in Reference 2.

Loss parameter vs diffusion factor values for unslotted and slotted
stator 4 are compared in figures 52a through c. The slotted stator had slightly
lower loss parameter values at the hub with little change in the magnitude of
the loss parameter value at the tip.

Effect of Vortex Generators on Rotor Performance

Vortex generators were tested upstream of the rotor for the slotted
rotor 4-slotted stator 4 stage and both upstream of the rotor and between the
rotor and stator for the unslotted rotor 4-slotted stator 4 stage. The overall
rotor performance for slotted rotor 4 with and without vortex generators is
presented in figure 53. The addition of the vortex generators increased the
maximum flow and efficiency at design equivalent rotor speed by approximately
2.0 lb/sec (0.907 ks/sec) and 0.5%, respectively, without changing the stall
flow or peak pressure ratio. Although these changes may be considered within
the accuracy of the data, the blade element performance data described in the
following paragraph substantiates the slight improvement in efficiency.

~ Radial distributions of the rotor loss coefficient, deviation angle, and
diffusion factor are compared for slotted rotor 4 with and without vortex
generators in figures 54 through 56 for near stall, near design, and maximum
flow. These results indicate that the addition of vortex generators reduced the
rotor tip region diffusion factor and loss with the largest reduction in tip loss
occurring at the near stall flow condition. The reduced diffusion factors in the
tip region are apparently associated with a radial flow shift toward the tip, as
indicated by the higher rotor tip exit axial velocities shown in figure 57 for
slotted rotor 4 with vortex generators. For the near stall flow condition, the
radial flow shift toward the tip also resulted in slightly higher loading levels
from 30% to 95% span. The reduced losses are consistent with the previously
mentioned increase in efficiency.

As shown in figure 58a, the addition of the rotor tip vortex generators
ahead of the slotted rotor resulted in slightly reduced values of the tip loss
parameter at the higher loading levels. Little or no change in the slotted rotor
hub loss parameter (figure 58b) was observed with the addition of the rotor hub
vortex generators. The loss parameter values for the midspan region (figure
58c) are comparable for slotted rotor 4 both with and without vortex generators.
The previously discussed reduction in the tip loading (i.e., diffusion factor)
and the increases in the maximum midspan and hub loading with the addition
of vortex generators ahead of slotted rotor 4 are apparent in figure 58.

Since the addition of the rotor tip inlet vortex generators unloaded the tip
region of slotted rotor 4 and reduced the losses in that area (figures 54 through
56), an additional test was scheduled with vortex generators ahead of unslotted
rotor 4 and between the rotor and slotted stator 4 to determine if the unslotted
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stage operating range could be improved without a reduction in efficiency. The
combination of the unslotted rotor and slotted stator was selected because
unslotted rotor 4 had lower hub and tip losses (figures 42 through 44) than
slotted rotor 4 and the slotted stator tip was operated at higher incidence
angles than the unslotted stator with losses equal to or less than the minimum
values measured for the unslotted stator (figure 51). During the testing of

this configuration, one-third of the stator inlet vortex generators separated
from the wall. Since the time at which the separation occurred could not be
determined and since the relationship of the remaining vortex generators to
the instrumentation locations was such that sufficient pressure, temperature,
and air angle data were not available for vane passages with vortex generators,
the influence of stator inlet vortex generators on the stator performance could
not be evaluated. Because of their small size, the effect of the nonuniform
distribution of the remaining stator inlet vortex generators on rotor performance
is considered negligible.

The overall rotor and stage performance for unslotted stage 4 without
vortex generators and the stage comprised of unslotted rotor 4 and slotted
stator 4 with vortex generators ahead of the rotor and between the rotor and
stator are compared in figures 59 and 60. The peak rotor and stage efficiencies
for the latter stage at design equivalent rotor speed were 0.8 and 2.1 percentage
points, respectively, higher than those for the unslotted stage.

As shown by the radial distributions of the rotor loss coefficient,
deviation angle, and diffusion factor in figure 61 at the near stall flow condi-
tion, the addition of the vortex generators upstream of the unslotted rotor
unloaded the rotor blade end regions and reduced the losses near the walls.
The diffusion factor distribution also indicates that the reduced loading in the
wall regions resulted in slightly higher loading at midspan. The lower rotor
losses near the walls for the unslotted rotor with vortex generators are also
shown in the loss parameters vs diffusion factor distributions presented in
figure 62. As shown in figure 62a, the addition of the rotor inlet vortex
generators to the stage comprised of unslotted rotor 4 and slotted stator 4
reduced the unslotted rotor tip minimum loss parameter to a value consistent
with the predicted values. The predicted values included an assumed improve-
ment in losses due to the anticipated reduction in secondary flow from the
addition of slots and vortex generators. Although the hub loss parameter
values (figure 62c) for the unslotted rotor with inlet vortex generators are
above the data from References 6 through 8, the addition of the hub vortex
generators resulted in a reduction in the unslotted rotor loss parameter values.

Comment on Stage Stall Flow Comparisons
The operating characteristics (pressure ratio-flow) for the four stage 4
configurations tested are compared for both the rotor and stage in figure 63.
All three configurations tested resulted in stall flows that were lower than the

unslotted rotor-unslotted stator configuration. These configurations are listed
below:

1. Slotted Rotor 4 - Slotted Stator 4

2. Slotted Rotor 4 - Slotted Stator 4 With Vortex Generators
Ahead of the Rotor
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3. Unslotted Rotor 4 - Slotted Stator 4 With Vortex Generators Ahead
of the Rotor and Between the Rotor and Stator.

It might be concluded that slotted stator 4, which was common to all
three configurations, was responsible for the increased stall range. As shown
previously in figures 50 and 51, the hub and tip region losses near stall and
the tip deviation angles for the slotted stator were lower than those for the
unslotted stator, and the slotted stator tip was operated to higher incidence
angles and loading than the unslotted stator. Furthermore, the addition of
vortex generators ahead of the slotted rotor reduced losses and loading in the
wall regions but they did not appreciably change the stage stall flow. Inspection
of the hub and tip region losses and deviation angles for the slotted stator
behind the unslotted rotor, shown in figures 64 and 65, indicates that the only
apparent benefit from the stator slots for this configuration was a reduction
in the average level of the hub and tip region deviation angles. The wall region
loss levels of the slotted stator behind the unslotted rotor are actually the
same or higher than those for the unslotted stator tested behind the unslotted
rotor. Since these results do not support the conclusion that the stator slots
reduced the stator losses and thereby increased the stage operating range, the
respective operating ranges and loss levels are attributed to the difference
between slotted and unslotted rotor exit flow profiles (figure 46).

Although the stall flow for the stage comprised of the unslotted rotor
and slotted stator with vortex generators ahead of the rotor and between the
rotor and stator was approximately the same as the stall flow for the slotted
stage both with and without vortex generators at design equivalent rotor speed,
the stall flow for this stage was appreciably lower at 70% design equivalent
rotor speed. However, as previously stated, the loss of approximately
one-third of the stator inlet vortex generators precluded their evaluation, and,
since the stage was not tested without the stator inlet vortex generators, the
individual effects of the rotor inlet vortex generators, stator slots, and stator
inlet vortex generators on operating range cannot be separated.

Effect of Rotor Tip and Stator Hub and Tip
Boundary Layer Bleed on Performance

Overall and blade element performance data were recorded with the control
valves in the rotor and stator boundary layer bleed lines closed for three data
points at design equivalent rotor speed for slotted stage 4 and two data points
at design equivalent rotor speed for the stage 4 configurations with vortex
generators. Stall transient measurements were also obtained at design
equivalent rotor speed with the control valves in the boundary layer bleed lines
closed for slotted stage 4 and the stage 4 configurations with vortex generators
while operating these configurations into and out of stall to define the stall
points. Although the control valves were closed, some leakage flow was
present (approximately 0.2% and 0.4% of the inlet flow for the rotor and stator,
respectively); therefore, these data points are referred to as '"reduced bleed
flow points'. The influence of wall boundary layer bleed flow on performance
was not evaluated for either unslotted stage 4 or unslotted stage 5.

The effect of reducing the boundary layer bleed flow on the rotor and
stage performance of slotted stage 4 is shown in figures 66 and 67. The results
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are also typical of the results obtained with the stage 4 configurations with
vortex generators. Reducing the wall boundary layer bleed flow in the rotor
and stator reduced the rotor and stage pressure ratio and efficiency and
changed the pressure ratio-flow characteristic at constant rotor speed. The
cause of this result is believed to be a redistribution of the flow brought about
by increased secondary flow and higher losses in the rotor tip region.

The effect of rotor tip bleed on the slotted rotor 4 blade element per-
formance is shown in figures 68a through 68c for the hub, mean, and tip
sections, respectively. Reducing the rotor tip bleed flow resulted in greater
losses, deviation angles, and diffusion factors for the tip (figure 68c). These
increases do not appear to be normal extensions of the blade element loss,
deviation angle, and diffusion factor characteristics and are apparently
associated with increased secondary flow. The increase in rotor tip losses
with reduced bleed shown in figure 68c are consistent with the results previously
discussed. The changes in the hub and midspan section performance are more
subtle and are apparently due to the redistribution of the flow in the rotor
associated with the higher rotor tip losses with reduced bleed flow.

The effect of the stator hub and tip bleed flow on the slotted stator 4
blade element performance is shown in figures 69a through 69c¢ for the hub,
mean, and tip sections, respectively. As shown in figure 69a, reducing the
stator bleed produced a noticeable increase in loss coefficient at the stator
hub. The changes to large positive incidence angles shown in figure 69c¢ for
the stator tip with reduced bleed flow and the associated loss increase are
attributed to a general flow shift from the tip to the hub with reduced rotor
and stator bleed flow. The effect of the reduced bleed flow on the stator inlet
axial velocity and corresponding stator incidence angle distributions at the
near stall flow condition is shown in figure 70,

SUMMARY OF RESULTS

An experimental investigation was conducted with a single-stage
compressor to determine the extent that slots and vortex generators can be
applied to reduce the losses in the wall regions and increase the efficiency
and stable operating range of highly loaded compressor stages. A secondary
objective of this program was to determine the effects of loading level and
boundary layer suction on stage efficiency and operating range. In summary,
the results of this investigation indicated that:

1. Slotting the rotor not only failed to provide the desired reduction
in loss, but actually increased the hub and tip losses.

2. The effect of the stator slots on loss and operating range was
inconclusive. When the slotted stator was tested with the slotted
rotor the losses near the walls were generally lower than for the
unslotted stator at the same or higher incidence angles. However,
the slotted stator, when tested with the unslotted rotor and vortex
generators, had the same or higher losses than the unslotted stator,
with little or no change in operating range. The lower losses and
higher incidence angles for the slotted stator, when tested with the
slotted rotor, were apparently associated with a flow redistribution
observed for this configuration.

17
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Rotor inlet vortex generators can unload the blade end regions and
thereby reduce the losses at high incidence angles.

There is an apparent limit to the amount of work input that will
result in useful work output.

The selected work distribution may have a substantial effect on
stage performance.

Reducing the boundary layer suction (i.e., bleed flow) in the rotor
and stator resulted in lower rotor and stage pressure ratio and
efficiency and changed the pressure ratio-flow characteristic at
constant rotor speed.
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*See Figure 8 for Sectional Views
Figure 7. Rotor 4 Slot Locations on Suction Surface FD 38121A
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Figure 8. Rotor 4 Slot Configuration FD 38124A
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Figure 13. Stator Vortex Generator Design FD 38117B
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Figure 14. Rotor Vortex Generator Design , FD 38118B
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Figure 19. Overall Performance - Unslotted Rotors 4 and 5
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Figure 28.

P

1 O Unslotted Rotor 4 Test Data at 5% Span From Tip
[ Cascade Data For Rotor 4 at 5% Span From Tip
<> Cascade Data For Rotor 4 at 0% Span From Tip

—-—  Incidence Angle at 5% Span at Approximately
Design Equivalent Flow

— —~-  Incidence Angle.at 0% Span at Approximately
Design Equivalent Flow (Determined By
Extrapolating Measured Inlet Air Angle Data
and the Design Inlet Metal Angle From Approxi-
mately 1% and 3% Span, Respectively, To The
Wall., )

R - Range of Incidence Angles From 0 to 5% Span
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Unslotted Rotor 4 Tip Loss Coefficient vs Incidence
Angle at Design Equivalent Rotor Speed
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